Objective: In 2011, the International League Against Epilepsy (ILAE) proposed a consensus classification system of focal cortical dysplasia (FCD) to distinguish clinicopathological subtypes, for example, "isolated" FCD type Ia-c and IIa-b, versus "associated" FCD type IIIa-d. The histopathological differentiation of FCD type I and III variants remains, however, a challenging issue in everyday practice. We present a unique histopathological pattern in patients with difficult-to-diagnose FCD, which highlights this dilemma, but also helps to refine the current ILAE classification scheme of FCD. Methods: We present a retrospective series of 11 male and one female patient with early onset pharmacoresistant epilepsy of the posterior quadrant (mean age at seizure onset = 4.6 years). All surgical specimens were reviewed. Clinical histories were retrieved and extracted from archival patient files. Results: Microscopic inspection revealed abnormalities in cortical architecture with complete loss of layer 4 in all surgical samples of the occipital lobe, as confirmed by semiquantitative measurements (p < 0.01). Clinical history reported early transient hypoxic condition in nine patients (75%). Magnetic resonance imaging (MRI) revealed abnormal signals in the occipital lobe in all patients, and signal changes suggestive of subcortical encephalomalacia were found in seven patients. Surgical treatment achieved favorable seizure control (Engel class I and II) in seven patients with an available follow-up period of 6.1 years. Significance: Prominent disorganization of cortical layering and lack of any other microscopically visible principle lesion in the surgical specimen would result in this neuropathological pattern hitherto being classified as FCD ILAE type Ib. However, perinatal hypoxia with distinctive MRI changes suggested primarily a hypoxemic lesion and acquired pathomechanism of neuronal cell loss in the occipital lobe of our patient series. We propose, therefore, classifying this distinctive clinicopathological pattern as a separate variant of FCD ILAE type IIId.
The term focal cortical dysplasia (FCD) was introduced by Taylor et al. in 1971, 1 and is nowadays widely used for a spectrum of epileptogenic lesions of the neocortex and subcortical white matter including cortical dyslamination, cellular abnormalities, blurred gray-white matter boundaries, and heterotopic neurons in white matter. [2] [3] [4] [5] [6] In 2011, the International League Against Epilepsy (ILAE) proposed a clinicopathological consensus classification system of FCD, 7 based on histopathological evaluation of surgical brain specimens. 8 In the ILAE classification system, FCD type I was defined as malformation presenting with abnormal neocortical layering, either compromising radial migration of neuroblasts and delaying maturation of neurons (FCD type Ia; 9 ) or compromising the six-layered horizontal composition of the neocortex (FCD type Ib). The combination of both neuroanatomical abnormalities should be classified as FCD type Ic. A prominent example of FCD Ib was presented in the 2011 ILAE consensus paper showing complete loss of layer 4 (see Fig. 2C therein) . 7 However, lack of specifying molecular and genetic findings to confirm underlying pathomechanisms elicited an ongoing debate about the classification of FCD I and III subtypes. [10] [11] [12] A successful avenue to address this issue might be identifying distinctive features from patients' clinical histories and epilepsy that can be reliably linked to a histopathologically specified FCD pattern. 13 Finally, we need to answer the question of whether each FCD subtype is defined by separate clinicopathological and genetic signatures, or if acquired FCDs (ILAE type III) shared pathomechanisms with the underlying principle lesion, for example, hippocampal sclerosis (FCD IIIa), tumors (FCD IIIb), vascular malformations (FCD IIIc), and other lesions acquired during early life (FCD IIId).
In the present study, we retrospectively reviewed the large cohort of epilepsy surgery specimens collected at the Xuanwu Hospital of Capital Medical University and Yuquan Hospital of Tsinghua University in Beijing, China, to identify patients with difficult-to-classify FCD type I subtypes. Comprehensive analysis of clinical presentation (data obtained from hospital archives) with histopathological patterns will help to inform the ILAE classification of clinicopathological FCD variants.
Methods

Patient selection
Between 2005 and 2015, approximately 2,900 surgeries were performed for the treatment of intractable epilepsy at Xuanwu Hospital, Capital Medical University and Yuquan Hospital, Tsinghua University in Beijing, China. In this cohort, we identified 12 patients with histopathologically confirmed FCD type Ib and selective neuronal cell loss in layer 4 of the occipital lobe (ILAE classification of 2011). Ten patients were obtained from Xuanwu Hospital, two patients from Yuquan Hospital. Paraffin-embedded surgical specimens and clinical charts were retrieved from the archive and retrospectively reviewed.
Clinical examination
Antiepileptic drug treatment was ineffective to control seizures in all patients (see below). Detailed presurgical evaluation included clinical assessment, video-electroencephalography (EEG), neuropsychological testing, high-resolution brain magnetic resonance imaging (MRI), functional MRI, and invasive EEG studies, when indicated. Assessment of patients' clinical history also included a detailed analysis of pregnancy, delivery, and postnatal development in all subjects. Clinical data of all patients included in this study are summarized in Table 1 .
Surgical procedures and outcome
All patients underwent resective surgery for intractable epilepsy. The primary visual cortex (Brodmann area 17) was resected in five patients (patients 1, 2, 6, 7, and 11; see Table 1 ).
All patients were evaluated at 1, 6, and 12 months after surgery and at 6-month intervals afterward. Seizure control, and neurological and cognitive development were evaluated. Surgical outcome was classified according to Engel's classification: (I) completely seizure-free, auras only, or atypical early postoperative seizures only; (II) ≥90% seizure reduction or nocturnal seizures only; (III) ≥75% seizure reduction; and (IV) <75% seizure reduction.
Neuropathological examination
The methodology used in specimen preparation was similar in all samples as described previously. 7, 14 Tissue sections from cortical resections were immersion-fixed in 10% buffered formalin, and then orientated and cut perpendicularly to the cortical surface. Following routine paraffin embedding, 4-lm thin sections were stained with hematoxylin and eosin (H&E) and Luxol fast blue (LFB recommendations given by the manufacturers. Antibodies against the following epitopes were used: antinonphosphorylated neurofilament (SMI-32R, Covance, U.S.A., 1:1,000), anti-neuronal cell nuclei (NeuN), anti-Map2, anti-glial fibrillary acidic protein (GFAP). The latter three antibodies were purchased as ready-to-use predilution from Beijing Zhongshan Golden Bridge Biotechnology Co. Nonepileptic brain tissue obtained from autopsy in two patients without neurological disease was used as control and to determine normal immunohistochemical reactivity patterns. All immunohistochemical studies were carried out on paraffin sections deparaffinized prior to rehydration in graded alcohols, followed by a 5-min water rinse. A 10-min wash in 3% hydrogen peroxide at room temperature was also carried out to prevent endogenous peroxidase activity. All surgical specimens were reviewed (48 blocks from occipital lobe, 16 blocks from temporal-occipital lobe, 13 blocks from parieto-occipital lobe, five blocks from parietal lobe), and a diagnosis of FCD was made according to the ILAE classification of 2011.
7
Neuronal cell counts and statistical analysis Immunohistochemically stained NeuN were manually counted at 409 objective magnification in five visual fields of 436 9 161 lm each obtained from layer 4 of the affected occipital lobe in all patients, and compared to layer 4 of adjacent cortical areas without laminar histopathological patterns. Numbers were given as neuronal density per 70,196 lm 2 (mean AE standard deviation). Statistical software SPSS 16.0 and paired sample t tests were used with probability values set at p < 0.01 for statistical significance.
Results
Clinical findings
Our study included 11 males and one female. At the time of surgery, the patients' ages ranged from 9 to 20 years, with a mean of 13.2 years (Table 1 ). All patients had medically intractable seizures at initial examination in the hospital, with early seizure onset ranging from 6 days postpartum to 9 years of age (mean = 4.6 years). Antiepileptic drug treatment lasted for 3-16 years before surgery, with 2-7 drugs tested, including carbamazepine, phenobarbital, phenytoin, lamotrigine, oxcarbazepine, topiramate, levetiracetam, chlorphenamine maleate, clonazepam, or valproate. Disease duration varied from 3 to 17 years before surgery (mean = 8.6 years).
Imaging findings
MRI showed abnormal signals in the occipital lobe in all patients (Figs. 1-3, Table 1 ). In eight patients, MRI visible lesions affected both hemispheres (patients 1, 2, 3, 5, 6, 7, 8, and 11). In four patients, MRI visible lesions affected multiples lobes, including temporal lobe in patients 4 and 8, and frontal lobe in patients 9 and 12. In addition, foci suggestive of subcortical encephalomalacia were observed in seven patients (patients 3, 4, 5, 7, 8, 9, and 10). Structural alterations of the corpus callosum were described in four patients 
Neurological deficits
Clinical data were summarized in Table 1 . The most significant neurological deficit was a presurgically preexisting and irregular shaped visual field defect in 11 patients (91.7%, Table 1 ). The visual field was not tested in patient 1 (Table 1) . Three patients (27%, patients 2, 5, and 11) reported visual auras; one suffered from visual hallucinations (patient 2).
Medical histories
Hypoxic injuries in early life were identified from medical histories in nine patients (75%, Table 1), with difficult labor and cyanosis documented in seven patients (patients 1, 3, 4, 5, 6, 10, and 11, Table 1 ). Two of these patients were also diagnosed as suffering from hypoxic encephalopathy according to medical records (patients 3 and 6). Difficult labor as second twin and transverse production were documented in patient 8, with his eyes rolling 6 days after birth. Bluish skin and hypoxic encephalopathy were observed in patient 12 at 2 days after birth. Patients 7 and 9 suffered from febrile seizures in early life (before 2.5 years of age). We could not find any hint of an injury during early life in patient 2.
Presurgical evaluation, epilepsy surgery, and postsurgical outcome
Video-EEG monitoring was performed in all patients. Localization of the seizure onset zone was difficult to determine in five patients. Following the proposal of our patient management conference, patients were submitted to intracranial EEG monitoring using a combination of grids and strips. Placement of grids and strips were determined from ictal scalp EEG and clinical semiology. Neurophysiological evaluation localized seizure onset to the posterior quadrant in all patients, and the patient management conference recommended epilepsy surgery. Five patients had a resection of the occipital lobe; seven had two-lobar resections (Table 1) . Six patients had left-sided, five patients had right-sided, and one patient had resections in both hemispheres. Intraoperative electrocorticography was performed at the end of each operation to confirm that the epileptogenic area was removed. The postsurgical follow-up period ranged from 1.4 to 9.7 years (mean follow-up period = 6.1 years), and follow-up assessment was available in 11 patients. Four patients were seizure-free (36%; Engel class I), and three patients had favorable outcome Engel class II (27.2%). One patient had minor (i.e., Engel class III) and three patients had little improvement in seizure frequency (i.e., Engel class IV; see Table 1 ).
Neuropathological evaluation
Abnormal horizontal lamination of the neocortex was microscopically identified in the occipital cortex of all patients. The most prominent finding was loss of granule cells in neocortical layer 4, which contained no or only few neurons. This finding was confirmed by immunohistochemical staining using antibodies directed against NeuN and Map2 epitopes (Figs. 1-3) , as well as semiquantitative cell density measurements obtained from all patients, with a This horizontally oriented gap in cortical layering was filled by GFAP-immunoreactive astrogliosis (Fig. 2E ). There were no pigment-laden macrophages, inflammatory cell infiltrates, or neovascularization. Architectural disorganization of adjacent layers 3 and 5-6 was also present in all patients (Tables 1 and 2, Fig. 3 ). The most prominent pattern was observed in patients 3, 4, 7, 8, and 9 (Table 1) , with thinning of the cortex and layers 3-6 almost completely replaced by glial scarring. We detected neither neurofilament-accumulating dysmorphic neurons nor vimentinimmunoreactive balloon cells in any surgical specimen. The border toward white matter was often less sharply demarcated due to increased numbers of heterotopic neurons. We could identify by macroscopic inspection of the surgical specimen a narrow white line inside the gray matter in five cases, distinctive of strip of Gennari (patients 1, 2, 6, 7, and 11). We observed neuronal cell loss in layer IV in three of them (patients 2, 6, and 11) when comparing with adjacent cortex and a preserved strip of Gennari (as demonstrated by LFB/H&E; Fig. 3E ).
Discussion
According to the ILAE's classification scheme of FCD from 2011, laminar (horizontal) disruption of cortical layering should be classified as FCD type Ib, when no other principal lesion can be histopathologically identified (i.e., tumor, hippocampal sclerosis, vascular malformation, stroke, or inflammation). 7 In our series of 11 male and one female patient with early onset posterior quadrant epilepsy, we identified laminar cell loss in layer 4 of the occipital neocortex and remote perinatal hypoxia confirmed by characteristic MRI signatures as a common clinicopathological presentation. To the best of our knowledge, this pattern has not been described so far in the literature, and we propose to classify it as a distinct clinicopathological variant of FCD ILAE type IIId.
The etiology of this FCD IIId variant remains to be determined. Clinical history in nine of 12 patients was very similar and compatible with the assumption of remote and transient perinatal hypoxia affecting the posterior quadrant, either localized to one hemisphere or bilateral. Prenatal, perinatal, and postnatal events are suspected to be important in the etiologies of different types of malformations of cortical development. [15] [16] [17] Early exogenic lesions, such as hypoxia, infection during pregnancy, or birth trauma, may play a major role. In our patient series, perinatal asphyxia was described in nine patients (75%), whereas two others suffered from complex febrile seizures (16%) before 2.5 years of age. This suggested that postmigrational events may have affected the maturation of cortical architecture and networks, and resulted in acquired FCD. 18 The susceptibility of gray and white matter to hypoxic damage is different. Gray matter is in general more vulnerable than white matter. Ischemic neuronal damage of the calcarine cortex has been described in patients dying after heart surgery. 19, 20 Necrosis of specifically vulnerable cortical layers has been suggested as a cause of two-and four-layered polymicrogyria, [21] [22] [23] another frequently encountered epileptogenic condition in young children. Squier and Jansen have observed a horizontal split separating the cortex into two bands in fetal laminar necrosis, similar to changes observed in our cases. 23 However, our retrospective analysis of clinical data stored in the hospital's archives could not identify fetal insults, although the medical records may be incomplete. Histopathologically, we could not detect any other malformation of cortical development accompanying the principal lesion, such as polymicrogyria (see Figs. 1-3) . Sturge-Weber syndrome (SWS) is another condition in which FCD type III can be frequently identified. 24 Neuronal cell loss, pseudolaminar calcification of the neocortex, and microcystic degeneration of cortical layers 3-5 are histopathological hallmarks. However, FCD associated with SWS was not reported to specifically affect layer 4, thus presenting another distinguishing feature of our presented case series. Microlesions defined by transcriptional clustering and spike activity of preserved neurons not immunoreactive for NeuN were recently described in human epileptic neocortex, 25 and may represent yet another FCD variant. Laminar loss of NeuN staining was different in our cases, however. Neuronal cell loss was confirmed by Map2 (Fig. 2F) , and remnants of layer 4 were occupied by astrogliosis (Fig. 2E ).
The pathological pattern described herein is different from those described for either localized or generalized ischemic-hypoxic injury in the developing human brain, with its well-recognizable features of pseudocystic infarction, ulegyria in the depth of a sulcus, laminar necrosis of the hippocampal CA1 sector, or periventricular leukomalacia. In these conditions, neuronal necrosis occurs in many cortical layers, most prominently layers 3, 5, and 6. It also involves glial and blood vessels, thereby leading to fullblown infarction with pseudocystic transformation. Cortical laminar necrosis is a variant of infarction, causing pannecrosis of cortical neurons, glia, and blood vessels, whereas underlying white matter is relatively spared. 26, 27 This condition has been reported to be associated with hypoxic encephalopathy, 28, 29 hypoglycemic encephalopathy, 30 status epilepticus, 31 and cerebral infarction. 32 The occipital lobe was the most common localization of neonatal hypoglycemia-associated brain insults, and profound hypoglycemia is a condition affecting thousands of newborns per year. 33 We carefully checked our archival clinical records, but hypoglycemia measures were not obtained at birth in any of our patients. Radiologically, cortical laminar necrosis is characterized by high-intensity cortical lesions on T 1 -weighted MRI that follow the gyral anatomy of the cerebral cortex. 32 FLAIR images were found to be superior for detecting brain infarction, especially of cortical lesions, because signals from surrounding cerebrospinal fluid are essentially nulled. In the few cases in which pathological studies have been performed, these images showed focal destruction of the cerebral cortex involving neurons, glial cells, and blood vessels without hemorrhage or calcification. 32, 34 Despite the lack of experimental and molecular evidence for distinct morphological FCD variants, the rationale for separating horizontal versus radial dyslamination by the ILAE classification was deduced from neuroembryological studies on neocortical development. [35] [36] [37] [38] There is ample evidence for radial migration of neuroblasts from the subventricular zone into the neocortex and horizontal migration of c-aminobutyric acidergic interneurons from the eminentia mediana. [38] [39] [40] [41] However, histopathologically proven FCD type I is rare in our clinical practice. 12, 42 Abundant microcolumns and abnormal radial organization of neocortex can be observed in children with early onset severe focal epilepsies of the posterior quadrant. 3, 9, 43 We have not observed any of these histopathological abnormalities in our patient cohort, and a pathomechanism of arrested or delayed cortical maturation of unknown origin was proposed for FCD I subytpes. 7, 18, 36 Case descriptions of FCD ILAE type Ib are very rare in published literature, whereas most published series of FCD type I describe a mixed radial-horizontal phenotype (i.e., FCD Ic). [44] [45] [46] Its clinical presentation, often with negative or noninformative MRI findings, 47 as well as underlying pathogenic mechanisms await further clarification.
Another challenging issue in our series was the predominance of young males (91.6%). Perinatal occipital lobe injury was reported in 21 infants with male predominance of 17 males versus four females. 48 Another study showed occipital lobe epilepsy secondary to ulegyria, with a history of perinatal asphyxia affecting more males (six males vs. two females 49 ) . A careful review of the German Neuropathology Reference Center for Epilepsy Surgery revealed another four patients with the same histopathological features of neuronal cell loss of layer 4 in the occipital lobe mistakenly classified as FCD Ib due to the lack of reliable clinical information (remote hypoxemic injury visible by MRI confirmed in two patients; I.B. and R.C., personal communication). These four patients were also all male. However, we cannot draw reliable conclusions from this male predominance and must await targeted characterization of molecular-genetic signatures.
In conclusion, our cases suggested remote hypoxic-ischemic insults in young male patients as a cause of cortical blindness, drug-resistant epilepsy, and acquired FCD ILAE type IIId. Selective and pseudolaminar neuronal necrosis typically occurred in the occipital cortex and adjacent posterior quadrant. Surgical intervention offered the possibility of significantly reducing seizure burden, thereby improving the patients' quality of life.
